We have determined NMR linewidths and nuclear spin relaxation rates for F, Li, and Na nuclei, and electrical conductivity in ZrF 4 -based fluoride glasses as a function of temperature. The results indicate that both Li and F are mobile in the glass containing 20 mole% LiF, whereas only F is mobile in glasses containing NaF (up to 30 mole%) or no alkali ions. Finally we compare and discuss the activation energies for the various parameters.
INTRODUCTION
The ZrF 4 -based fluoride glasses were originally reported to be fluoride ion conductors/1/. However, when alkali ions are also present these glasses become mixed cation-anion conductors; the relative contribution of the cations and anions being dependent on the concentration and nature of the alkali ion/2.3/. In this context nuclear magnetic resonance (NMR) techniques have been proven to be very useful, for example, by demonstrating that only a fraction of F contributes to ionic conduction /2,4,5/. At present there are two interesting questions on this subject: (a) how does the F anion movement compare with the alkali movement? (b) Do conductivity and NMR perceive ion movement in the same way? The first question has been addressed in the references mentioned above, but a rigorous answer to the second question has been sought only recently/6/. In this report we present data on six glasses which elucidate these questions further.
EXPERIMENTAL
The experiments were performed on six ZrF 4 -based glasses listed in Table 1. F, Li and 'Na nuclear spin relaxation (NSR) rates were measured using a modified Bruker SXP 4-100 coherent pulsed NMR spectrometer. The NSR rates in the laboratory frame. 1/Tj, were measured by a -K-Z-TZ/2. pulse
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T a b l e 1 C o m p o s i t i o n o f f l u o r o z i r c o n a t e g l a s s e s (in m o l % )
LiF N a F
RESULTS
T h e t e m p e r a t u r e d e p e n d e n c e o f 19F a n d 2 3~a l i n e w i d t h s in ZBLAN20, a n d o f 19F a n d 7~i l i n e w i d t h s i n ZBLALi(I1) g l a s s e s a r e s h o w n i n F i g s . l a , b . F o r b o t h g l a s s e s l i n e w i d t h s h o w s a s u d d e n d e c r e a s e u p o n h e a t i n g a b o v e a p a r t i c u l a r t e m p e r a t u r e w h i c h r e p r e s e n t s t h e o n s e t o f m o t i o n a l n a r r o w i n g w h e n t h e l i n e w i d t h b e c o m e s c o m p a r a b l e w i t h t h e F j u m p r a t e . T h e t e m p e r a t u r e d e p e n d e n c e o f l i n e w i d t h i n t h e m o t i o n a l n a r r o w i n g r e g i o n h a s b e e n a n a l y z e d f o l l o w i n g H e n d r i c k s o n a n d Bray/7/. T h e b e s t f i t s t o d a t a a r e s h o w n b y t h e s o l i d l i n e s w i t h t h e c o n d i t i o n f r o m t h e o r y t h a t t h e l i n e w i d t h a p p r o a c h e s z e r o a t s u f f i c i e n t l y h i g h t e m p e r a t u r e s . T h e a c t i v a t i o n e n e r g i e s c a l c u l a t e d f r o m v a r i o u s m o t i o n a l n a r r o w i n g d a t a , Es,,, a r e l i s t e d i n T a b l e 2.
Figs. l a , l b L i n e w i d t h o f l 9 F ( 0 ) a n d 2 3~a ( o ) i n ZBLAN 2 0 ( l e f t f i g u r e ) a n d o f 19F ( 0 ) a n d 7~i (~) i n ZBLaLi(I1) ( r i g h t f i g u r e ) a s a f u n c t i o n o f t e m pe r a t u r e . S o l i d l i n e s a r e b a s e d o n t h e o r y / 7 / .
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In t h i s p a p e r w e a r e i n t e r e s t e d o n l y in t h e NSR r a t e 
d u e t o t h e i o n d i f f u s i o n w h i c h b e c o m e s e f f e c t i v e f o r r e l a x i n g t h e s p i n s a t a b o u t r o o m t e m p e r a t u r e a n d a b o v e / 8 / . T h a t i s , t o o b t a i n d i f f u s i o n -i n d u c e d NSR r a t e t h e l o w t e m p e r a t u r e b a c k g r o u n d c o n t r i b u t i o n a r e t o b e s u b t r a c t e d f r o m t h e t o t a l o b s e r v e d NSR r a t e s . T h e t e m p e r a t u r e d e p e n d e n c e s o f t h e s o c o r r e c t e d NSR r a t e s a r e s h o w n i n
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Figs. 2 and 3 f o r ZBLALi(I1) and ZBLAN(I1) g l a s s e s , respectively, f o r various nuclei and Larmor f r e q u e n c i e s . Note t h a t t h e NSR r a t e s increase w i t h t e m p e r a t u r e in a n Arrhenius f a s h i o n f r o m which we have o b t a i n e d respective activation e n e r g i e s ( E T~) a s l i s t e d in Table 2 . The m a g n i t u d e of t h e r e l a x a t i o n r a t e s d e p e n d s o n Larmor frequency oo a s -wo-B where P=l.l i o . 1 . These NSR r a t e s in l a b o r a t o r y f r a m e a r e o b t a i n e d a t Larmor f r e q u e n c i e s which a r e o n e o r m o r e o r d e r s of m a g n i t u d e higher t h a n t h e h i g h e s t f r e q u e n c y of a c conductivity m e a s u r e m e n t s . T h e r e f o r e , t o have a common frequency in t h e t w o t e c h n i q u e s , NSR r a t e s have b e e n measured in t h e r o t a t i n g f r a m e w i t h l o w e r e f f e c t i v e frequencies. R e s u l t s of t h e s e m e a s u r e m e n t s o n ZBLAN(I1) g l a s s a r e s h o w n in Fig.4 f o r t h r e e d i f f e r e n t e f f e c t i v e frequencies. N o t e t h a t a t s u c h f r e q u e n c i e s i t h a s been p o s s i b l e t o o b s e r v e t h e maximum i n NSR r a t e below t h e g l a s s t r a n s i t i o n t e m p e r a t u r e . The l o w a n d high t e m p e r a t u r e s i d e s of t h e peak give activation e n e r g i e s E~' = ( 0.26k0.02) IP eV a n d E T h =(0.76*0.1) eV, respectively. Within t h e e x p e r i m e n t a l e r r o r ET! i s I t h e s a m e flsr a l l t h e t h r e e f r e q u e n c i e s .
Finally, we have o b t a i n e d d c conductivity odC f o r t h r e e g l a s s e s using c o m p l e x impedance analysis. P l o t s of ln(5dc.T) v s 1/T, w h e r e T i s t h e a b s o l u t e t e m p e r a t u r e , give t h e a c t i v a t i o n energy Edc which i s given in Table 2 . However, we c o n s i d e r fixed frequency a c conductivity t o c o m p a r e w i t h t h e NSR r a t e a t t h e s a m e frequency. This comparison is shown in Fig. 4 w h e r e oac.T a t 3 0 kHz i s p l o t t e d vs 1/T.
DISCUSSION
From Fig. 1 we n o t e t h a t t h e m o t i o n a l narrowing of 7~i a n d 1 9~ o c c u r s in t h e s a m e t e m p e r a t u r e range. This i s c o n s i s t e n t w i t h t h e previous o b s e r v a t i o n s t h a t in ZrF,-based g l a s s e s containing 2 0 mole% LiF b o t h Li a n d F i o n s c o n t r i b u t e t o e l e c t r i c a l conduction/2,3,5/. In c o n t r a s t , f o r t h e sodium containing g l a s s e s (NaF= 10 t o 3 0 mole%) we observe m o t i o n a l narrowing primarily f o r I9F which s h o u l d t h e r e f o r e b e t h e p r e d o m i n a n t mobile species. The 2 3~a linewidth d e c r e a s e s w i t h increasing t e m p e r a t u r e b u t t o a much s m a l l e r e x t e n t ; 
t h i s can b e a t t r i b u t e d simply t o t h e m o t i o n of 19F i o n s . T h u s we c o n c l u d e t h a t o u r s o d i u m containing
g l a s s e s r e m a i n p r i m a r i l y F i o n c o n d u c t o r s . I n o u r e x p e r i m e n t a l m e t h o d i t h a s b e e n d i f f i c u l t t o r e s o l v e t h e 1 9~ l i n e i n t o t h a t d u e t o m o b i l e a n d i m m o b i l e f l u o r i n e i o n s / 4 / . N e v e r t h e l e s s , t h e f a c t t h a t t h e r e i s a r e s i d u a l 19F l i n e w i d t h e v e n a t t h e h i g h e s t t e m p e r a t u r e s u g g e s t s t h a t s o m e F a t o m s n e v e r b e c o m e m o b i l e . T h e o b v i o u s o b s e r v a t i o n f r o m t h e d a t a f o r t h e f i r s t t h r e e g l a s s e s i n T a b l e 2 i s t h a t t h e a c t i v a t i o n e n e r g y f o r d c c o n d u c t i v i t y i s a b o u t 3 t i m e s l a r g e r t h a n ET o r E g v T h i s i s s i m i l a r t o a c o m m o n f e a t u r e f o u n d i n o x i d e g l a s s e s / 9 / , a n d i s believed t o b e a c o n s e q u e n c e o f i n t e r -p a r t i c l e i n t e r a c t i o n s w h i c h a l s o m a n i f e s t a s t h e p o w e r l a w d e p e n d e n c e o f c o n d u c t i v i t y o n f r e q u e n c y .
T h e v a l u e s o f ET a t v a r i o u s f r e q u e n c i e s a n d Egv a r e t h e s a m e f o r a g i v e n l a s s w i t h i n e x p e r i m e n t a l e r r o r . i n f a c t , w e o b t a i n t h e s a m e a c t i v a t i o n e n e r g j E~F P f o r f i x e d f r e q u e n c y a c c o n d u c t i v i t y in t h e r a n g e o f t e n s o f M H z . F o r t h a t w e e x t r a p o l a t e d c o n d u c t i v i t y d a t a t a k e n i n t h e r e g i o n b e t w e e n lOHz a n d lOOkHz t o t h e c o r r e s p o n d i n g NMR L a r m o r f r e q u e n c i e s ( s e e T a b l e 2). T h e r e f o r e w e c o n c l u
d e t h a t f o r t h e s e t h r e e g l a s s e s b o t h t h e NMR a n d a c c o n d u c t i v i t y a r e in t h e s a m e d i s p e r s i v e r e g i o n
( w h e r e a -a s , s i s a c o n s t a n t ) o f i o n j u m p p h e n o m e n o n / l O / . A t p r e s e n t f o r t h e l a s t t w o g l a s s e s i n T a b l e 2 w e d o n o t h a v e E d c d a t a b u t w e e x p e c t i t t o b e c o m p a r a b l e t o t h e v a l u e s f o r t h e f i r s t t h r e e g l a s s e s . T h e n w e n o t e t h a t Eg, i s s i m i l a r i n m a g n i t u d e t o E d c t h a n t o E T~ C l e a r l y , i n t h e s e g l a s s e s t h e l i n e w i d t h e x p e r i m e n t i s c o n d u c t e d in a d i f f e r e n t f r e q u e n c y r e g i o n t h a n t h e T I -e x p e r i m e n t . T h e f o r m e r s h o u l d b e i n o r a r o u n d t h e G a u s s i a n r e g i o n ( w h e r e 6 i s f r e q u e n c y i n d e p e n d e n t ) w h e r e a s t h e l a t t e r c o n t i n u e s t o b e in t h e d i s p e r s i v e r e g i o n . I t h a s b e e n i m p l i c i t i n t h e a b o v e d i s c u s s i o n t h a t NMR a n d c o n d u c t i v i t y e x p e r i m e n t s p e r c e i v e i o n m o v e m e n t i n t h e s a m e w a y , t h e o b s e r v e d d i f f e r e n c e b e t w e e n t h e a c t i v a t i o n e n e r g i e s f o r t h e t w o p h e n o m e n a i s o b v i o u s l y c a u s e d b y t h e d i f f e r e n t f r e q u e n c i e s i n t h e t w o e x p e r i m e n t s . F i g u r e 4 o f f e r s a v e r i f i c a t i o n o f t h i s a s s u m p t i o n . H e r e w e n o t e t h a t u n d e r t h e c o n d i t i o n s o f i d e n t i c a l f r e q u e n c i e s Eac s e e m s t o b e e q u a l t o E T~ b u t o n l y i n a l i m i t e d t e m p e r a t u r e r e g i o n ( b e l o w 4 0 0 K ; s e e d a s h e d l i n e i n Fig.%) . A t h i g h e r t e m p e r a t u r e Eac a p p r o a c h e s Edc, w h e r e a s ET 1Q m a i n t a i n s i t s l o w v a l u e u n t i l r e a c h i n g t h e m a x i m u m . W e b e l i e v e t h a t t h i s d i s c r ep a n c y o c c u r s b e c a u s e oaC e n c o u n t e r s t h e G a u s s i a n r e g i o n o f t h e f r e q u e n c y s p e c t r u m a t a l o w e r t e m p e r a t u r e t h a n l / T I Q . Of c o u r s e , o n t h e h i g h t e m p e r a t u r e s i d e o f t h e p e a k i n f i g u r e 4 b o t h oaC a n d 1 / T i p a r e i n t h e G a u s s i a n r e g i o n a n d t h e t w o h a v e t h e s a m e s l o p e e q u a l t o Edc. T h u s w e c o n c l u d e t h a t , i n p r i n c i p l e , NSR a n d c o n d u c t i v i t y d e p e n d o n t h e s a m e k i n d of i o n m o v e m e n t b u t i t i s n o t n e c e s s a r y f o r t h e t w o p h e n o m e n a t o c r o s s f r o m d i s p e r s i v e t o G a u s s i a n r e g i o n s a t t h e s a m e f r e q u e n c y .
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